in treatment, the mortality rates of patients with subdural collections remain challenging at 4%, and 12%-40% experience residual deleterious neurological effects. 1, 4 The type and extent of the surgical intervention required is dependent upon the location of the infection (epidural or subdural), the extent of disease (localized or diffuse), the presence of cerebral edema, and the presence or absence of devitalized tissue. Localized epidural collections of purulence, without cerebral edema, may often be successfully managed by a single burr hole and antibiotics, although this modality does not address any concomitant cerebral edema and elevated intracranial pressure. 8, 10 More severe infections, especially those that are multiloculated or involve different areas of the brain (e.g., bilateral disease), require removal of large bone segments to permit adequate cerebral decompression, debridement of devitalized cerebrum, and thorough drainage of all abscesses. 1, 4, 8 Due to the frequent re-accumulation of empyemas as well as the frequent delayed presentation of multifocal areas of infection, it is recommended to approach all subdural empyemas via a bicoronal incision in anticipation of future surgical intervention distant from the initial site. Removed bone is typically separated from all of its soft-tissue attachments, thus rendering it avascular, and is irrigated to reduce any bacterial contamination. Standard practices regarding the disposition of the bone include immediate replacement, "banking" the bone flap with subsequent replacement in 3-6 months after resolution of the infection and cerebral edema, 2 or discarding it. Advocates of delayed cranial reconstruction argue against immediate replacement because the bone is devascularized and contaminated, thus potentially acting as a nidus for infectious agents, and retention could potentially constrict cerebral swelling (especially if fixated). Many surgeons prefer to defer reconstruction for 3-6 months to allow resolution of the infection and cerebral edema; 5 the calvarial defect is later addressed by reinsertion of the banked cranial bone flap, other sources of autologous bone (such as split or particulate graft), or some form of alloplastic reconstruction. This approach necessitates a second procedure, some form of cerebral protection between interventions (helmet), and a more challenging dissection through atrophied scalp and scarred tissue planes. In particularly challenging cases (large defects), lengthy surgical times predispose this patient population to further surgical site infections.
9 When compared to autograft, alloplastic implant reconstruction also bears the added cost of the material (> $10,000 for a custom implant), a long-term risk of implant infection or rejection, and migration when used in young children.
The merits of a single procedure in this cohort of patients are obvious. Avoiding additional procedures for repair of a calvarial defect mitigates surgical risk to the patient as well as saving resources. Success of an autologous reconstruction rests on the rapid revascularization and gradual osseointegration of the current bone flap, which depends on many variables, including the condition of the surrounding soft-tissue envelope, the presence of bacterial contamination, and the viability (living osteocytes) of the bone flap itself. Despite the intuitive advantages of this approach, outcomes of immediate reinsertion of the bone flap have been poorly described. This investigation represents our institutional experience with the safety and efficacy of immediate reimplantation of the craniotomy flap in patients treated for intracranial empyema and evaluates the success of this method in terms of cranial integrity, risk of recurrent infection, and need for secondary procedures.
Methods
We performed a retrospective review of all patients who underwent craniotomy for management of intracranial empyema at our center during the study period 1997-2016. Inclusion criteria were 1) intracranial empyema requiring removal of a bone segment for drainage with or without cerebral decompression; 2) bone flap irrigated and replaced during the initial procedure; and 3) follow-up duration of more than 6 months. Bone integrity and healing was determined by clinical evaluation by the attending pediatric neurosurgeon and/or by a CT scan. Patient records were culled for demographic information, empyema etiology and location, approximate size of the bone flap, method of osseous fixation, need for further operative intervention, and duration of intravenous antibiotics.
Results
Forty-six patients were identified who were treated for intracranial empyema during the study period (Table 1) . Of these, 10 patients underwent cryopreservation of the bone flap for delayed cranioplasty. In these cases, cryopreservation was chosen because brain edema obviated immediate replacement. Five patients received burr holes instead of a craniotomy, and thus were omitted from the study. Eight patients were excluded due to inadequate follow-up, including 1 patient who died in the perioperative period. The single patient who died in this series had been transferred to our institution in critical condition after unsuccessful management at another hospital.
Immediate Replacement
In the remaining 23 patients, a total of 31 bone flaps were studied. The anatomical distribution of empyema was subdural in 18 patients (58.1%), epidural in 6 patients (19.4%), intraparenchymal in 3 patients (9.7%), both epidural and subdural in 2 patients (6.5%), and unspecified in 2 patients (6.5%). The most common location of infection was the frontal/temporal region (61.3%), followed by pa- ; estimated blood loss (EBL), 163.8 ml; hospital length of stay (LOS), 19.9 days; antibiotic therapy, 5.4 weeks; and follow-up, 43.9 months (range 7.9-198.8 months).
Twenty-four bone flaps were rigidly fixed (82.8%; 20 using titanium hardware, 4 using resorbable hardware) in clinical situations in which elevated ICP was not considered problematic. Nonrigid fixation was used in 5 cases (2 using Vicryl suture, and 3 without any fixation; Table  2 ). For patients with concerns about potential intracranial hypertension, the returned bone flap was anchored on one side with nonabsorbable sutures to allow the flap position to accommodate elevated pressure. The only difficulty in this technique was the common problem of the bone flap sinking in when the elevated ICP had resolved. This was addressed by placing 2 small titanium plates fixed to the leading edge of the bone flap (opposite from the "hinge" sutures) that would not impede any outward deflection of the flap under pressure, but in turn would prevent the edge of the bone flap falling below the surface of the remaining calvaria. The empyemas were largely secondary to sinusitis (19 patients, 52.8%); other causes were periorbital cellulitis (6 patients, 16.7%), meningitis (4 patients, 11.1%), cerebritis (1 patient, 2.8%), and unknown (6 patients, 16.7%; Tables 3 and 4 ). The empyema layer and source are also graphically depicted in Fig. 1 , while Fig. 2 shows a subdural collection along the left frontal/temporal convexity, the most common location of infection in our cohort.
A total of 96.8% (30/31) of the bone flaps were successfully replaced. Eighteen patients (78.3%) required a single craniotomy in conjunction with antibiotic therapy to treat the empyema. Five patients (21.7%) required additional craniotomy for irrigation and debridement procedures (mean 1.5 ± 0.8, range 1-3) with eventual clearance of in- fection. During subsequent irrigations, the bone flap was removed and immediately reaffixed using new hardware but with the same bone. Only 1 patient ultimately lost the bone flap secondary to persistent infection and empyema re-accumulation. While none of the patients developed clinical evidence of osteomyelitis (e.g., chronic nonhealing wounds, drainage, or erythema), partial resorption of the bone flap was noted in 1 patient (3.2%) who ultimately required cranioplasty using autogenous split calvaria without sequelae.
Delayed Replacement Group
We included our cohort with delayed replacement bone flaps, which, in essence, served as the control group. The delayed bone flap replacement group contained a total subset of 10 patients who had their bone stored in a freezer. Six of these 10 patients with cryopreserved bone underwent replacement between 4 and 14 months after the initial surgery for empyema drainage. Five of the 6 patients (83.3%) with cryopreserved bone flaps developed an infection after the stored bone was replaced, despite negative cultures at the time of replacement. Furthermore, 3 of the patients in this same cohort underwent another surgery to remove the infected bone, 1 received burr holes in the grafted calvarial bone flap, and 1 patient responded to antibiotic therapy without necessitating bone removal. The most common pathogen responsible for the infection, both on presentation and after replacement of the frozen bone flap, was found to be Streptococcus intermedius. Bone resorption occurred in a single patient.
Four patients in the delayed bone flap replacement group did not utilize cryopreserved bone: 3 of these patients had their bone flap discarded at the time of initial surgery due to infection, and a fourth had the bone stored in the freezer, which was not used due to concerns regarding processing. All 4 patients received cranioplasty with autologous split-thickness bone graft taking place between 6 and 15 months after the initial surgery. Two subjects experienced minimal bone resorption and 1 patient had a second cranioplasty using a hydroxyapatite analog.
The anatomical distribution of empyema was subdural in 23 patients (69.7%), epidural in 2 patients (6.1%), both epidural and subdural in 6 patients (18.2%), and unspecified in 2 patients (6.1%). The mean perioperative characteristics for this group were age at initial craniotomy, 12.8 ± 3.0 years; size of the removed bone flap, 51.8 ± 33.3 cm 2 ; EBL, 186.7 ml; hospital LOS, 15.7 days; and follow-up, 22.0 months (range 7.4-45.9 months). In the group of patients with cryopreserved bone flaps, a total of 33 bone flaps were studied; 54.5% (18/33) of the bone flaps were successfully replaced and patients had an average of 4.4 surgeries.
All patients recovered well and were discharged from the hospital, on average, 15.7 days from the date of admission. Comparison of follow-up periods between patients with immediate replacement and those with delayed replacement at greater than 6-month minimum follow-up yielded a p value of 0.096. 
Discussion
Although treatment of intracranial empyema is reasonably well established, the approach to cranial reconstruction following decompressive craniectomy for this condition is variable among surgeons and centers. One of the most widely practiced techniques is storage of the removed bone flap in a deep freeze at -35°C or cryopreservation at -84°C. 5 In cases of gross infection, the bone is washed in hydrogen peroxide or other disinfectant prior to storage. 5 This approach incurs a cost for storage and a secondary procedure. In addition, there is evidence to suggest that cryopreserving bone flaps destroys the osteocytes, and delaying reconstruction with this material results in higher rates of resorption (up to 50%), infection, and overall complications. 2, 3, 7 In an effort to avoid this issue, some surgeons bank the bone flap in the abdominal subcutaneous tissues; this approach maintains the disadvantages of delayed cranioplasty, does not sterilize the bone graft, and may not be feasible in young children with reduced abdominal subcutaneous fat. 5 For many neurosurgeons, the concept of placing a devascularized and contaminated segment of cranial bone back into the compromised soft-tissue bed from which it was taken would be considered controversial; intuition would imply that the devascularized bone and the hardware used to fixate it would harbor bacteria and make resolution of the existing infection more difficult. Moreover, the physiologically challenged condition of the soft tissue in the acute stages of the infection strengthens the prospect that the reinserted bone flap would fail to revascularize and heal. This has been addressed by sterilizing the bone (autoclaving, pasteurizing, or irradiating the graft 11 ) prior to reimplantation. Regardless of the method used, the process of sterilization effectively kills all living cells, including those that orchestrate bone healing and viability, and the osseous segment acts only as scaffolding for bone ingrowth from the periphery. 5, 6, 11 The long-term outcomes of these reconstructive efforts remain unknown.
The results of the current investigation demonstrate that concerns related to immediate reinsertion of the bone flap may be unfounded and that efforts to decontaminate the bone are unnecessary. The vast majority of our patients who had immediate reinsertion and fixation of the craniotomy flap had full resolution of their intracranial infection with a very low rate (2.8%) of bone resorption requiring secondary cranioplasty. These favorable results, coupled with the aforementioned disadvantages of delayed reconstruction, suggest that immediate reinsertion of the bone flap should be considered in all patients treated for intracranial empyema. For individuals with increased intracranial pressure, one can leave the bone flap partially free-floating by attaching one edge of the flap with sutures, which will permit the flap to elevate when under pressure but settle back in place when the infection has resolved.
There are several limitations to this study. At the outset, this study focuses on the outcomes of only one treatment alterative for intracranial empyema, i.e., immediate reimplantation of the bone flap. There were many patients treated at our institution who underwent delayed autologous reconstruction using cryopreservation, and the retrospective nature of this study makes it impossible to determine the basis for the surgeon's selection process of one treatment over another. Nevertheless, it was not the purpose of the present study to compare treatments, but to evaluate the outcome of the much less common method of treatment discussed herein. A prospective trial comparing immediate versus delayed bone flap replacement would provide a stronger level of evidence comparing the two approaches. Second, this is a relatively uncommon diagnosis and, consequently, our sample is relatively small. Lastly, some patients (n = 21, 91.3%) did not undergo a CT scan to document bone integrity but were followed clinically long-term and noted to have no clinical evidence for significant calvarial resorption or migration. To minimize exposure to ionizing radiation, patients were assessed only by palpation unless there were clinical signs of nonunion or resorption. While it is possible that this method may overstate the degree of bone healing, there were no indications that any areas of potential lack of bone fusion were clinically relevant.
Conclusions
Immediate replacement and stabilization of the bone flap after craniotomy for drainage of intracranial empyema has a low risk of recurrent infection and provides excellent bone integrity in the vast majority of patients (96.8%), while minimizing the need for subsequent surgery and its associated risks. The safety and efficacy of this method permit its application in the patient with intracranial empyema. Factors as to why bone replaced immediately appears to do better than delayed bone replacement remain unclear at this time, but they are expected to become better understood over time with additional investigation. 
